Abstract-We present, for the first time to our knowledge, a microwave interrogated sapphire fiber Michelson interferometer for high temperature sensing. By sending a microwave-modulated optical wave to a sapphire fiber Michelson interferometer, a high quality interference spectrum was reconstructed in the microwave domain with a fringe visibility exceeding 40 dB. The sensor showed good sensitivity, reversibility and stability in the temperature range of 100°C-1400°C. The proposed sensing configuration has a number of unique advantages including low dependence to the multimodal influences, high signal quality, relieved fabrication precision, and insensitivity to the background blackbody radiation when used in high temperature.
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I. INTRODUCTION

S
ILICA glass optical fibers have been extensively used for sensing applications in the past few decades, showing advantages such as low loss, light weight, immunity to electromagnetic interference, and resistance to corrosion [1] . However, when used in harsh environments, especially in high temperatures above 1000°C, the softening of the silica glass material and the diffusion of the dopants (e.g., Germanium) inside the fiber core raised a concern on the long-term stability of the sensors. For better survivability and stability in high temperatures, single-crystal sapphire optical fibers have been used for sensor development due to their high melting point (2040°C) and hardness [2] .
Sapphire material has low transmission loss in a wide spectrum range and a large numerical aperture [2] . The early sapphire optical fiber sensors utilized these features for temperature measurement by coating the fiber tip with a thin layer of metal and monitoring the blackbody (thermo) radiation [3] , [4] . The blackbody radiation based temperature measurement worked well at high temperatures but had low resolution at the low temperature region. Later, various sensor devices, e.g., fiber Bragg gratings [5] - [7] and Fabry-Perot interferometers [8] - [10] , have been developed using sapphire fibers aiming to enhance the measurement resolution as well as for measurements of other parameters such as strain and pressure.
However, sapphire fibers are highly multimode owning to their large core diameters, uncladded structure and large numerical apertures. As a result, it is generally very difficult to make sapphire sensors with satisfactory performance. Despite high temperature coatings [11] - [13] have been developed to improve the waveguiding properties by decreasing the numerical aperture to a certain degree, the optical mode number was still as large as the conventional multimode fiber. Because of the multimodal influence, it is difficult to fabricate a Bragg grating or an interferometer using a sapphire fiber with good signal quality. For example, to construct a Fabry-Perot interferometer on a sapphire fiber, the two reflectors must be precisely fabricated with good smoothness and aligned exactly in parallel. An angle of 10 −2 misalignment could reduce the fringe visibility significantly [14] . In addition, the input light source must be well collimated to reduce the number of excited optical modes. While most of the sapphire fiber sensors are based on optical DC detection, the background blackbody radiation in the sapphire material at high temperatures may severely interfere with the sensors' signals. In summary, the combination of multimodal influence, requirement of high fabrication precision and interference of background blackbody radiation have placed a bottleneck on the development of high quality sapphire fiber sensors.
A research area known as the microwave-photonics has been explored over the past 30 years aiming to bring together the strengths from both microwave and optics [15] , [16] . It intrigued us to explore the possibility of combining microwave and optics for sensing applications, which has led to our recently proposed concept of the optical carrier based microwave interferometry (OCMI) [17] , [18] . By interrogating an optical interferometer in microwave domain, the OCMI concept integrates the strengths of optics and microwave, providing several unique features that are particularly advantageous for sensing application, including low dependence on the types of optical waveguides, insensitive to variations in optical polarizations, high signal quality, relieved fabrication requirements, and spatially continuous distributed sensing. In addition, OCMI uses coherent detection in which the modulation, detection and demodulation are all synchronized and phase-locked to the same microwave frequency. The influence of background blackbody radiation can be drastically reduced when the sensor is used in high temperatures.
In this letter, a microwave interrogated sapphire fiber Michelson interferometer is reported for high temperature sensing using OCMI technology. Unlike the traditional two-tap optical interferometers which are primarily implemented on single-mode fibers for sensing or microwave filtering applications [19] , [20] , we have successfully 1041-1135 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. demonstrated its possibility on a highly multimode optical fiber (i.e., sapphire fiber) and proven its effectiveness for sensing applications. The OCMI concept can also be implemented for other types of sapphire fiber interferometers such as a Fabry-Perot or Mach-Zehnder configuration. Other than the optical fiber based sensors, the OCMI concept could be potentially used in free space. The interferometric sensor can also be used for measurement of other parameters such as strain and pressure in high temperatures.
II. EXPERIMENTS AND DISCUSSIONS
While there are many ways to implement the OCMI concept, Fig. 1 illustrates an example system configuration where a microwave vector network analyzer (VNA) is used as the microwave source and signal detector. A broadband light source (BBS) with the bandwidth of 50 nm is intensity modulated using an electro-optic modulator (EOM) driven by the microwave signal from the Port 1 of a VNA (HP 8753es). The VNA output is amplified to achieve a high modulation index. A fiber inline polarizer and a polarization controller are used for better modulation. The modulated light is then sent into an optical interferometer (the sapphire fiber sensor) whose output is detected by a high speed photodetector. The photodetector has a detection bandwidth of 6 GHz and a detection area of 62.5 μm in diameter. A 3 dB fiber coupler is used to route the input microwave-modulated light into and the output signal out of the fiber sensor. After DC-filtering, the photodetector output is connected to Port 2 of the VNA, where the amplitude and phase of the signal are extracted. By sweeping the VNA frequency, the microwave spectrum of the sensor is obtained (i.e., the S 21 of the VNA).
A single crystal sapphire fiber based OCMI Michelson interferometer was demonstrated for measurement of high temperatures. As shown in the inset of Fig. 1 , the Michelson interferometer was made by fusion splicing two sapphire fibers onto the two leads of a 3 dB, 2×2 multimode fiber coupler. The fiber coupler was made of graded-index fibers with core and cladding diameters of 62.5 and 125 μm, respectively. The single crystal sapphire fibers (MicroMaterials, Inc.) were uncladded with a diameter of 125 μm. The two leads of the multimode fiber couplers were cleaved to have the same length. The lengths of the two sapphire fibers were about 70 and 85 cm, respectively. The far ends of the sapphire fibers were fine polished.
The incident microwave-modulated light is first split into two paths through the fiber coupler. One beam is reflected from the endface of the sapphire fiber #1; the other beam is reflected from the endface of sapphire fiber #2. The two reflected beams are then recombined at the fiber coupler. The superposition of the two beams results in an interference signal that is a function of the optical path difference (OPD) between the two different paths. The OPD of the proposed interferometer is longer than the coherence length of the optical source but shorter than the coherence length of the microwave source. As such, the optical carrier waves build up incoherently while the microwave signals (envelopes) build up coherently to form an interferogram in the microwave domain [17] . The power of the two superimposed optical waves is thus given by (1) , as shown at the bottom of this page, where t is the time; A and M are the amplitudes of the optical carrier and microwave envelope, respectively; ω and are the optical and microwave angular frequencies, respectively; c is the speed of light in vacuum; W is the electrical length of the common microwave path; L O1 and L O2 are the two optical path lengths, respectively; ω min and ω max are the minimum and maximum frequencies of the light source, respectively. The detected signal given in Eq. 1 includes three terms: the DC, microwave and optical terms. When the OPD = L O1 − L O2 is sufficiently larger than the coherence length of the optical source, the integral term of the optical contribution approaches zero. The synchronized detection at the microwave frequency eliminates the DC term to provide the amplitude and phase of the microwave signal in Eq. 1. By scanning the frequency, the microwave amplitude and phase spectra can be acquired. The microwave amplitude spectrum (i.e., microwave interferogram) can be analyzed to determine the OPD and/or its changes for the purpose of sensing.
To reduce the reflection and the transmission attenuation of the joint of silica and sapphire fibers, the sapphire fibers were permanently fusion spliced to the two lead silica fibers of the coupler. A large-core fusion splicer (3SAE) was used to precisely push the sapphire fiber step by step while heated. Then the joint was gradually annealed to release the stress caused by the fusion.
In the experiment, the intermediate frequency bandwidth (IFBW) and the sampling point of the VNA were set to be 700 Hz and 16001, respectively. The IFBW stands for the spectral resolution of VNA. The driving power from port 1 was 4 dBm. The microwave frequency was swept from 2 to 5 GHz. Without taking averages in data acquisitions and processing, it took about 7 seconds to acquire a microwave spectrum (S 21 ). Fig. 2 shows the time domain signal after applying a complex and inverse Fourier transform to the recorded microwave spectrum. The first peak represents the reflections from the fusion points between silica and sapphire fibers. Because the two splice points have almost the same length measured from the coupler, the two reflections generated at the splice points were inseparable in the time domain.
The two other two peaks, representing the reflections from the two sapphire endfaces at the far end, can be clearly identified. As illustrated in Fig. 2 , a gate function was applied in the time signal to cut out the two reflections from the sapphire fibers and eliminate the reflections from the silica-sapphire joints. Then the cut-out data was complex Fourier transformed to reconstruct the interferogram as shown in Fig. 3 . This interferogram is the result of the coherent superposition of the two far-end sapphire fiber reflections in the microwave domain, i.e., the OCMI interferogram of the sapphire fiber Michelson interferometer. The fringes are clean with a visibility exceeding 40 dB at the microwave frequency of about 3500 MHz. It is obvious that the multimodal interference in a sapphire fiber does not influence the interferogram in microwave domain, indicating that the OCMI technology is basically insensitive to the multimodal influences. The optical waves built up incoherently through which the OPD is much larger than the coherence length of the light source, which could partially explain that OCMI has low dependence on the multimode interference. The free spectral range (FSR) was measured to be 571.5 MHz. Based on the Eq. 1, the OPD of the interferometer was calculated to be 52.50 cm. Assuming 1.74 to be the effective refractive index of sapphire fiber, the length difference of the two interferometer arms was estimated to be 15.08 cm, which agreed well with the 15 cm measured by a caliper.
To avoid breakage and keep them in parallel during test, the two sapphire fiber arms of the interferometer were inserted into a ceramic tube with an inner diameter of 0.5 mm. The ceramic tube hosted sensor was then placed in a programmable tubular electric furnace for characterization of its capability for high temperature sensing. The temperature was increased from 100 to 1400°C and then decreased back to 100°C at an incrementing/decrementing step of 100°C. As the surrounding temperature increased, the OPD of the two beams increased due to the combination of the thermo-optic effect and the thermal expansion of the sapphire material. The increase of OPD induced an interference spectrum shift towards the lower frequency region .  Fig 4 (a) and (b) show the interference fringes at different temperatures during increasing and decreasing steps, respectively. The fringe moved towards the low/high frequency regime as the temperature increased/decreased, indicating the optical length of the interferometer increased/decreased correspondingly. It is interesting that the fringe visibility and intensity did not change too much at temperatures lower than 1000°C, while it dropped dramatically when the temperature is above 1000°C. One possible reason is that heating over 1000°C could have caused high-temperature oxidation of the sapphire fiber, which resulted in a temperature-dependent scattering loss mechanism [21] . An interesting thing is that the oxidation will recover at cooling cycles indicated in Fig. 4(b) , where the fringes went back to their original waveforms indicating a good repeatability. The deceasing of the fringe visibility at high temperatures is mainly due to the unbalanced reflection from the two arms where they have different lengths in the heated region experiencing different attenuation in high temperatures. It is clear that the blackbody radiation of the sapphire fiber under high temperature did not influence the interferogram in microwave domain. Although the large blackboard radiation will influence the optical spectrum from visible to IR range, it functions as a DC-component which could be eliminated during coherence detection. Fig. 5 plots the center frequency of the interferogram valley at about 4300 MHz at different ambient temperatures. A non-linear relation was observed. The higher the ambient temperature, the slightly larger the temperature sensitivity became. The average temperature sensitivity of the sapphire fiber sensor was estimated to be -64 kHz/°C, demonstrating that the developed sapphire fiber Michelson OCMI could be used as a high temperature sensor with good sensitivity. The temperature responses at the increasing and decreasing cycles also agreed well and showed no obvious hysteresis, indicating a good reversibility of the temperature sensor. The stability of the sapphire fiber sensor was also characterized. The sensor was placed inside the furnace at room temperature. The resonant frequency of the sensor was constantly recorded for several hours and the standard deviation was calculated to be ± 30 KHz, corresponding to a temperature variation of ± 0.5°C, or a relative measurement resolution of 1.4×10 −5 around 4300 MHz. The results demonstrate good stability of the proposed sensor for high temperature sensing.
III. CONCLUSION In summary, a microwave interrogated sapphire fiber Michelson interferometer was demonstrated for high temperature sensing. Using the OCMI technology, a high quality interference spectrum of the sapphire fiber interferometer was obtained with a fringe visibility exceeding 40 dB in microwave domain. The sensor was tested from 100 to 1400°C, showing good sensitivity, reversibility and stability for high temperature sensing. By interrogating the optical interferometer in microwave domain, the OCMI technique offers many unique features including low dependence to the multimodal influences, high signal quality, relieved fabrication precision, and insensitivity to background blackbody radiation when the sensor is used in high temperature. It is envisioned that the proposed technique can be implemented in other types of sapphire fiber interferometers for measurement of various parameters in high temperature harsh environments.
